Abstract-Doxorubicin is an effective antineoplastic drug; however, its clinical benefit is limited by its cardiotoxicity. The inhibition of mitochondrial biogenesis is responsible for the pathogenesis of doxorubicin-induced cardiomyopathy. Endothelin-1 is a vasoconstrictive peptide produced from big endothelin-1 by endothelin-converting enzyme-1 (ECE-1) and a multifunctional peptide. Although plasma endothelin-1 levels are elevated in patients treated with doxorubicin, the effect of ECE-1 inhibition on doxorubicin-induced cardiomyopathy is not understood. Cardiomyopathy was induced by a single IP injection of doxorubicin (15 mg/kg). Five days after treatment, cardiac function, histological change, and mitochondrial biogenesis were assessed. Echocardiography revealed that cardiac systolic function was significantly deteriorated in doxorubicin-treated wild-type (ECE-1 ϩ/ϩ ) mice compared with ECE-1 heterozygous knockout (ECE-1 ϩ/Ϫ ) mice. In histological analysis, cardiomyocyte size in ECE-1 ϩ/Ϫ mice was larger, and cardiomyocyte damage was less. In ECE-1 ϩ/ϩ mice, tissue adenosine triphosphate content and mitochondrial superoxide dismutase were decreased, and reactive oxygen species generation was increased compared with ECE-1 ϩ/Ϫ mice. Cardiac mitochondrial deoxyribonucleic acid copy number and expressions of key regulators for mitochondrial biogenesis were decreased in ECE-1 ϩ/ϩ mice. Cardiac cGMP content and serum atrial natriuretic peptide concentration were increased in ECE-1 ϩ/Ϫ mice. In conclusion, the inhibition of ECE-1 attenuated doxorubicin-induced cardiomyopathy by inhibiting the impairment of cardiac mitochondrial biogenesis. This was mainly induced by decreased endothelin-1 levels and an enhanced atrial natriuretic peptide-cGMP pathway. Thus, the inhibition of ECE-1 may be a new therapeutic strategy for doxorubicin-induced cardiomyopathy. (Hypertension. 2010;55:00-00.) Key Words: cardiomyopathy Ⅲ doxorubicin Ⅲ endothelin-converting enzyme-1 Ⅲ mitochondria Ⅲ endothelin-1 Ⅲ atrial natriuretic peptide D oxorubicin is an effective antineoplastic drug and is frequently used in the treatment of hematologic and solid tumors including leukemia, breast cancer, and sarcomas; however, clinical benefit is limited by its cardiotoxicity. Doxorubicin-induced cardiomyopathy is characterized by irreversible left ventricular dysfunction and congestive heart failure with poor prognosis. 1,2 Recent studies suggest that the inhibition of mitochondrial biogenesis is responsible for the pathogenesis of doxorubicin-induced cardiomyopathy, [3][4][5] which is separate from its antineoplastic activity of topoisomerase II inhibition. 6,7 Disruption of bioenergetics and reactive oxygen species generation induced by mitochondrial dysfunction is thought to be critical for the pathogenesis of doxorubicin-induced cardiomyopathy.
D
oxorubicin is an effective antineoplastic drug and is frequently used in the treatment of hematologic and solid tumors including leukemia, breast cancer, and sarcomas; however, clinical benefit is limited by its cardiotoxicity. Doxorubicin-induced cardiomyopathy is characterized by irreversible left ventricular dysfunction and congestive heart failure with poor prognosis. 1, 2 Recent studies suggest that the inhibition of mitochondrial biogenesis is responsible for the pathogenesis of doxorubicin-induced cardiomyopathy, [3] [4] [5] which is separate from its antineoplastic activity of topoisomerase II inhibition. 6, 7 Disruption of bioenergetics and reactive oxygen species generation induced by mitochondrial dysfunction is thought to be critical for the pathogenesis of doxorubicin-induced cardiomyopathy.
Endothelin-1 (ET-1) is a 21-amino acid vasoconstrictive peptide. 8 ET-1 is produced by many types of cells, including vascular endothelial and smooth muscle cells and cardiomyocytes. 9, 10 ET-1 is the main representative of the endothelin family and is known to be a multifunctional peptide. 11 In the heart, ET-1 contributes to myocardial contractility, chronotropy, arrhythmogenesis, and cardiac remodeling after congestive heart failure. 10 Circulating ET-1 and big ET-1 levels are increased in heart failure and are prognostic indicators of survival in patients with heart failure. [12] [13] [14] Moreover, a previous study has shown that cardiac-specific overexpression of ET-1 leads to cardiomyopathy. 15 These findings suggest that ET-1 is closely related to the progression of heart failure and is responsible for the pathogenesis of cardiomyopathy.
Endothelin-converting enzyme-1 (ECE-1) is a membranebound metalloprotease that cleaves biologically inactive big ET-1 into active ET-1. 16 Most ECE-1 homozygous knockout mice are embryonically lethal or die within 30 minutes after birth with craniofacial and cardiovascular abnormality caused by lack of ET-1. 17 In chronic heart failure, ECE-1 is the major ET-1-forming enzyme, and the inhibition of ECE-1 results in the improvement of heart failure. 18 Thus, ECE-1 is the key regulator of the endothelin system.
It has been shown that plasma ET-1 levels are elevated in patients treated with doxorubicin. 19 In addition, previous studies have demonstrated that ET-1 inhibited mitochondrial biogenesis in cardiomyocytes. 20 These findings suggest that ET-1 induces mitochondrial dysfunction and is involved in the development of doxorubicin-induced cardiomyopathy.
We hypothesized that the inhibition of ECE-1 would induce a cardioprotective effect against doxorubicin by decreasing ET-1 production. Furthermore, ECE-1 is known to cleave not only big ET-1 but also cardioprotective peptides, such as atrial natriuretic peptide (ANP), and inactivate these peptides. 21 Decreased ET-1 production and increased ANP levels by ECE-1 inhibition can induce a cardioprotective effect synergistically. Unlike the effect of endothelin receptor blockade, the effect of ECE-1 inhibition on cardiovascular disease has not been fully investigated. We believe that ECE-1 inhibition can be a more effective therapeutic strategy. To test this hypothesis, we investigated the effect of ECE-1 inhibition on doxorubicin-induced cardiomyopathy with ECE-1 heterozygous knockout mice (ECE-1 ϩ/Ϫ mice).
Methods
An expanded Methods section is available in the online Data Supplement (available at http://hyper.ahajournals.org).
Animals
Mice heterozygous deficient for ECE-1 were generated by homologous recombination, as described previously. 17 We backcrossed the founder mice with 129/SvEv mice Ն8 times. We used 8-to 10-week-old male ECE-1 ϩ/Ϫ mice and their wild-type littermates (ECE-1 ϩ/ϩ mice). Cardiomyopathy was induced by a single IP injection of doxorubicin (Sigma) at a dose of 15 mg/kg. Mice were assigned to 4 groups: (1) ECE-1 ϩ/ϩ mice with injection of normal saline; (2) ECE-1 ϩ/Ϫ mice with normal saline; (3) ECE-1 ϩ/ϩ mice with doxorubicin; and (4) ECE-1 ϩ/Ϫ mice with doxorubicin. Five days after doxorubicin injection, analyses were performed. All of the procedures were conducted according to the Kobe University Graduate School of Medicine Guidelines for Animal Experiments.
Treatment of Endothelin Receptor Antagonists
129/SvEv mice were randomly assigned to receive either BQ123 (Enzo Life Science) plus BQ788 (Phoenix Pharmaceuticals; each 0.25 mg/kg per hour) or vehicle (sterile saline) via osmotic minipumps (DURECT Corporation). Osmotic minipumps were implanted 2 days before the induction of cardiomyopathy.
Gene Expression Analysis
Real-time RT-PCR was performed on an ABI PRISM 7500 system (Applied Biosystems) with a One-Step SYBR PrimeScript RT-PCR kit (Takara) and Superscript III Platinum One-Step qRT-PCR System (Invitrogen). ␤-Actin was used as an internal control.
ECE-1 Enzyme Assay
Membrane fractions from the heart were prepared as described previously. 17 Membrane fractions were incubated with 0.1 mol/L of human big ET-1 (PEPTIDE INSTITUTE) in 0.1 mol/L of sodium phosphate buffer (pH 6.8) and 0.5 mol/L of NaCl at 37°C for 30 minutes. Enzyme reactions were terminated by adding 5 mmol/L of EDTA, and mature ET-1 productions were measured by QuantiGlo ET-1 immunoassay (R&D Systems).
Tissue and Serum Levels of ET-1 and ANP
Myocardial tissue samples were homogenized and centrifuged at 15 000g for 30 minutes at 4°C. The supernatants were applied through Sep-Pak C-18 cartridges (Waters). These samples were dried, lyophilized, and resuspended in assay buffer. The samples and serum were applied on QuantiGlo ET-1 immunoassay and Fluorescent ANP immunoassay kits (Phoenix Pharmaceuticals) and analyzed.
Tissue Adenosine Triphosphate Content
Tissue adenosine triphosphate (ATP) content was measured with a tissue ATP measurement kit (TOYO INK) according to the manufacturer's instructions.
Lipid Peroxidation
Cardiac lipid peroxidation was measured with a colorimetric assay kit (Oxford Biomedical Research) according to the manufacturer's instructions. Values were normalized to the relative protein contents.
Mitochondrial DNA Copy Number
Cardiac mitochondrial DNA copy number was quantified with real-time quantitative PCR as described previously. 22, 23 Mitochondria-encoded cytochrome b was collected for genomic DNA-encoded GAPDH.
Western Blot Analysis
Protein samples were separated by SDS-PAGE and transferred to polyvinylidene fluoride membranes. Membranes were incubated with antibodies to each target. The membranes were developed with an ECL Plus Western Blot Detection System (GE Healthcare), and proteins were quantified on digitized images from the middynamic range and normalized to actin or heat shock protein 70 (HSP70).
Myocardial cGMP Levels
Myocardial cGMP levels were measured by cGMP enzyme immunoassay kit (Cayman Chemical Company) according to the manufacturer's instructions.
Statistical Analysis
Data are presented as meanϮSEM. Statistical significance was tested by 1-way ANOVA followed by a Fisher protected least significant difference test. Cardiomyopathy scores were analyzed by the MannWhitney test. Differences were considered statistically significant at PϽ0.05.
Results

Physiological Data in Doxorubicin-Induced Cardiomyopathy
The results of physiological studies are shown in Figure 1 . Heart rate and mean blood pressure were not different between groups. Echocardiography revealed that cardiac systolic function was significantly deteriorated in doxorubicin-treated ECE-1 ϩ/ϩ mice compared with ECE-1 ϩ/Ϫ mice. In the sham-treated animals, decreased ECE-1 had no effect on cardiac function. The survival of doxorubicin-treated ECE-1 ϩ/Ϫ mice had a tendency to be improved compared with that of ECE-1 ϩ/ϩ mice (data not shown). These results suggest that decreased ECE-1 expression attenuates doxorubicin-induced impairment of cardiac function.
Histological Analysis
Doxorubicin-induced cardiotoxicity was analyzed with hematoxylin-eosin staining of cardiac sections by light microscopy ( Figure 2A ). There was no injury in the hearts of sham-treated animals. Doxorubicin-treated hearts had myofibrillar loss and cytoplasmic vacuolation of cardiomyocytes. The analysis of morphological grade for anthracyclineinduced cardiotoxicity revealed that the cardiac injury of ECE-1 ϩ/Ϫ mice was significantly less compared with that of ECE-1 ϩ/ϩ mice (Table) , and cardiomyocyte size was significantly larger ( Figure 2B ). Electron microscopic examination demonstrated severe myofibrillar loss and vacuolar degeneration in doxorubicin-treated ECE-1 ϩ/ϩ mice compared with ECE-1 ϩ/Ϫ mice ( Figure 2C ). These results indicate that doxorubicin-induced cardiotoxicity is inhibited by decreased ECE-1.
Endothelin System in Doxorubicin-Induced Cardiomyopathy
In ECE-1 ϩ/Ϫ mice, the expression of ECE-1 mRNA was less than half that of ECE-1 ϩ/ϩ mice ( Figure 3A ). ECE-1 protein level and enzyme activity were also decreased in ECE-1 ϩ/Ϫ mice ( Figure 3B and 3C). These were not affected by doxorubicin. The expression of preproET-1 mRNA was increased by doxorubicin treatment; however, there were no differences between ECE-1 ϩ/ϩ groups and ECE-1 ϩ/Ϫ groups ( Figure 3D ). In sham-treated animals, tissue and serum ET-1 levels were not different between groups; however, in doxorubicin-treated mice, ET-1 levels were more than twice that of sham-treated animals ( Figure 3E and 3F). Furthermore, we found that, in doxorubicin-treated ECE-1 ϩ/Ϫ mice, tissue and serum ET-1 levels were significantly decreased compared with ECE-1 ϩ/ϩ mice despite the fact that expression of preproET-1 mRNA was not different between doxorubicin-treated groups. These findings suggest that the decrease of ET-1 levels in doxorubicin treated ECE-1 ϩ/Ϫ mice is induced by a rate-limiting effect of ECE-1, and this leads to a cardioprotective effect.
Attenuation of Mitochondrial Damage in Doxorubicin-Treated ECE-1 ؉/؊ Mice
Disruption of bioenergetics and reactive oxygen species generation induced by the inhibition of mitochondrial biogenesis are thought to be critical for doxorubicin-induced cardiomyopathy. [3] [4] [5] We found that cardiac ATP content was decreased in doxorubicin-treated ECE-1 ϩ/ϩ mice ( Figure  4A) ; however, this decrease was attenuated in ECE-1 ϩ/Ϫ mice. Furthermore, mitochondrial superoxide dismutase 2 was decreased and cardiac lipid peroxidation was increased in ECE-1 ϩ/ϩ mice compared with ECE-1 ϩ/Ϫ mice ( Figure 4B  and 4C ). These results indicate that the doxorubicin-induced mitochondrial damage is attenuated by the inhibition of ECE-1.
Protected Mitochondrial Biogenesis in Doxorubicin-Treated ECE-1 ؉/؊ Mice
To assess the ability to overcome mitochondrial damage in ECE-1 ϩ/Ϫ mice, we evaluated mitochondrial biogenesis. After doxorubicin treatment, mitochondrial DNA copy number was decreased in ECE-1 ϩ/ϩ mice ( Figure 5A ); however, this was preserved at a normal level in ECE-1 ϩ/Ϫ mice. Mitochondrial biogenesis is known to be regulated by transcriptional events. Peroxisome proliferator-activated receptor-␥ coactivator 1␣ (PGC-1␣) is a key transcriptional regulator for mitochondrial biogenesis 24, 25 and is downregulated in doxorubicin-induced cardiomyopathy. 5 We found that myocardial levels of PGC-1␣ mRNA were significantly decreased in doxorubicin-treated ECE-1 ϩ/ϩ mice compared with ECE-1 ϩ/Ϫ mice ( Figure 5B ). Between sham-treated animals, there were no significant differences in the levels of PGC-1␣. The inhibitory effect of doxorubicin on the expression of PGC-1␣ was inhibited by decreased ECE-1 expression. It has been shown that transcriptional regulation of mitochondrial biogenesis is induced by nuclear respiratory factors, as well as PGC-1␣. 22, 26 In the present study, the protein levels of PGC-1␣ and nuclear respiratory factor 1 were decreased in ECE-1 ϩ/ϩ mice; however, in ECE-1 ϩ/Ϫ mice, the protein levels were normal ( Figure 5C and 5D). Doxorubicin has also been shown to decrease the level of mitochondrial transcription factors. 5 We found that mitochondrial transcription factor A was also preserved in ECE-1
mice compared with ECE-1 ϩ/ϩ mice. These findings indicate that doxorubicin-induced mitochondrial damage is attenuated by protected mitochondrial biogenesis in ECE-1 ϩ/Ϫ mice.
Effects of Endothelin Receptor Antagonists in Doxorubicin-Induced Cardiomyopathy
The effects of endothelin receptor antagonists (ERAs) in this model were examined to assess the direct beneficial effects of decreased ET-1. Echocardiography revealed that, in the ERA-treated group, cardiac injury was significantly attenuated compared with the control group ( Figure 6A ). Histological evaluation also showed that cardiac injury was less and cardiomyocyte size was larger in the ERA-treated group ( Figure 6B ). Furthermore, cardiac PGC-1␣ mRNA level was significantly higher in the ERA-treated group ( Figure 6C ). These results suggest that endothelin receptor blockade attenuates doxorubicin-induced cardiac injury and impairment of mitochondrial biogenesis; furthermore, decreased ET-1 induced by ECE-1 inhibition directly leads to cardioprotection and preserved mitochondrial biogenesis.
Tissue and Serum ANP Levels and cGMP Content of the Heart
Mitochondrial biogenesis is partly maintained by cGMP. 27, 28 In our model, cGMP levels were decreased in ECE-1 ϩ/ϩ mice compared with ECE-1 ϩ/Ϫ mice ( Figure 7A ). cGMP generation is activated by NO or ANP in the heart. 29, 30 The ANP-cGMP pathway is known to have a cardioprotective effect. 31 We found that serum ANP levels were increased in ECE-1 ϩ/Ϫ mice compared with wild-type mice despite better cardiac function ( Figure 7B and 7C) . Tissue ANP contents were also higher in ECE-1 ϩ/Ϫ mice, but the difference was not statistically significant. These findings indicate that protection from doxorubicin-induced cardiotoxicity is partly caused by an enhanced ANP-cGMP pathway in ECE-1 ϩ/Ϫ mice. 
Discussion
Our data demonstrated that the genetic reduction of ECE-1 contributed to cardioprotection against doxorubicin-induced cardiomyopathy through prevention of mitochondrial biogenesis impairment. The cardiac dysfunction and cardiomyocyte injury induced by doxorubicin were attenuated by ECE-1 inhibition. We have shown that PGC-1␣, nuclear respiratory factor 1, and mitochondrial transcription factor A, which are 
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nuclear transcription regulators for mitochondrial biogenesis, were decreased by doxorubicin treatment, whereas those factors were preserved by ECE-1 inhibition. From the data presented here, we cannot rule out the involvement of other pathways including endothelin-3, brain natriuretic peptide, or NO-cGMP. Nevertheless, our current findings strongly support the idea that the cardioprotective effects were induced mainly by decreased levels of ET-1 and an enhanced ANPcGMP pathway. Previous studies have shown that apoptosis of cardiomyocytes contributes to doxorubicin-induced cardiac injury. 32, 33 In our model, apoptosis was not detected within 5 days after treatment with doxorubicin (data not shown). This indicates that the cardiac injury in our 5-day model did not depend on apoptosis of cardiomyocytes.
In the present study, we demonstrated the pathophysiological rate-limiting effect of ECE-1 in vivo for the first time. In our model, decreased ECE-1 activity did not affect ET-1 levels in nontreated ECE-1 ϩ/Ϫ mice. On the other hand, doxorubicin-induced upregulation of preproET-1 expression made the difference of ET-1 levels between ECE-1 ϩ/ϩ mice and ECE-1 ϩ/Ϫ mice despite the same levels of preproET-1 expression. These results suggest that, under normal conditions, the production of ET-1 is not hindered by decreased ECE-1 activity, whereas in pathological conditions in which ET-1 is increased, decreased ECE-1 activity is not enough to convert big ET-1 into ET-1. Thus, the inhibition of ECE-1 could be a feasible target for the treatment of diseases in which upregulation of ET-1 is involved in pathogenesis.
Previous studies have reported that cardiac-specific overexpression of ET-1 leads to cardiomyopathy 15 and that tissue ET-1 levels were increased in dilated cardiomyopathy. 34 In doxorubicin-induced cardiomyopathy, increased ET-1 levels in the heart have been demonstrated. 35 We found that tissue and serum ET-1 levels were increased more than twice by doxorubicin treatment. Moreover, in doxorubicin-treated ECE-1 ϩ/Ϫ mice, ET-1 levels were decreased compared with ECE-1 ϩ/ϩ mice. Our results suggest that decreased ET-1 levels by ECE-1 inhibition protect against cardiomyopathy.
Previous reports have suggested that ET-1-mediated cardiac injury is caused by inflammation and fibrosis. However, in the present study, cardiac inflammation and fibrosis were not observed (data not shown). Yuhki et al 20 have shown that ET-1 induced mitochondrial dysfunction and cardiomyocyte injury in an in vitro study using primary cultured cardiomyocytes. Similarly, Marin-Garcia et al 36 demonstrated that endothelin receptor A antagonist reversed the dysfunction of mitochondrial respiratory enzymes in a canine pacing-induced cardiomyopathy model. These reports suggest that ET-1 induces cardiac injury through myocardial mitochondrial dysfunction. In the present study, our results also demonstrated the protective effect of endothelin receptor blockade against cardiac injury and mitochondrial biogenesis impairment. These results indicate that the reduction of ET-1 levels by ECE-1 inhibition directly leads to cardioprotection by preserving mitochondrial biogenesis.
In our model, it is important to recognize the role of the ANP-cGMP pathway in preventing doxorubicin-induced cardiomyopathy. ANP is a natriuretic peptide that regulates a variety of physiological and pathophysiological activities. ANP generates second messengers such as cGMP 30 and is secreted by atrial myocytes under normal conditions. In a failing heart, ventricular myocytes also secrete ANP, and the circulating ANP level is a marker for cardiac overload. 37 ANP is known to be a diuretic drug and is prescribed for heart failure 38 ; it is also known to have a cardioprotective effect. The cardioprotective effect of ANP is thought to be achieved through the generation of cGMP, which is recognized as regulating mitochondrial biogenesis. 27, 28 In an in vitro study, ECE-1 was shown to have a broad substrate specificity. ECE-1 cleaves cardioprotective peptides, such as ANP and bradykinin, to inactivate them. 21 Previous reports have shown that the kallikrein-kinin system is involved in the development of cardiomyopathy. 39 -43 Because we did not detect differences in the serum bradykinin levels in both genotypes (data not shown), we feel that bradykinin does not contribute to the phenotypes in the present study. The inhibition of ECE-1 can increase ANP levels and lead to a cardioprotective effect through cGMPdependent activation of mitochondrial biogenesis. Although a few studies have shown that ECE-1/neutral endopeptidase dual inhibitor increased serum ANP levels, these results had limitations for elucidating the specific effects of ECE-1. In the present study, we confirmed that serum ANP levels and cardiac cGMP levels were increased by ECE-1 selective inhibition in an in vivo cardiomyopathy model. ECE-1 inhibition could provide a cardioprotective effect by increasing the ANP level.
Perspectives
Recently, the beneficial effects of dual (ECE-1 and neutral endopeptidase) or triple peptidase inhibitors (ECE-1, neutral endopeptidase, and angiotensin-converting enzyme) were demonstrated in preclinical and clinical trials. 18, 44 These inhibitors are known to be effective in the treatment of congestive heart failure. For the blockade of the endothelin system, we can use the ERA bosentan, which is frequently used for the treatment of pulmonary arterial hypertension. 45 A Figure 6 . Effects of ERAs in doxorubicin-induced cardiomyopathy. A, %FS of doxorubicin-treated hearts (each nϭ5). B, Hematoxylin-eosin staining of hearts and cardiomyocyte size of doxorubicin-treated hearts (each nϭ5). C, Cardiac PGC-1␣ mRNA levels (each nϭ5). Doxorubicin-induced cardiac injury and mitochondrial biogenesis impairment were significantly attenuated in the ERA-treated group. Each bar represents meanϮSEM; **PϽ0.01, ***PϽ0.001. %FS, percentage of fractional shortening. 
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previous study reported that bosentan inhibited doxorubicininduced cardiomyopathy. 35 Although an ERA may be a beneficial drug for doxorubicin-induced cardiomyopathy, we expect that the inhibition of ECE-1 could be a more effective therapeutic strategy because of the beneficial effects of not only reducing ET-1 generation but also activating the cardioprotective ANP-cGMP pathway. ECE-1 inhibition can provide more effective therapy for some pathological conditions as compared with an ERA. In the future, these inhibitors might become beneficial therapeutic drugs for doxorubicininduced cardiomyopathy.
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None. were minced in a 10× volume of homogenization buffer (20mM Tris-HCl (pH 7.4) and EDTA free protease inhibitor cocktail (nacalai tesque, Tokyo, Japan)) and then homogenized using Teflon homogenizer. Homogenates were centrifuged at 1,000g for 10 minutes and resulting supernatant was further centrifuged at 100,000g for 60 minutes. The pellet was resuspended in homogenization buffer and centrifuged again at 100,000g for 60 minutes.
ONLINE SUPPLEMENT
The pellet was resuspended in a 1× volume of homogenization buffer and protein concentrations were determined by the Bradford method (Bio-Rad, Hercules, CA).
Membrane fractions were incubated with 0.1μM human big ET-1 (PEPTIDE INSTITUTE, Osaka, Japan) in 0.1M sodium phosphate buffer (pH6.8), 0.5M NaCl at 37°C for 30 minutes.
Enzyme reactions were terminated by adding 5mM EDTA and mature ET-1 productions were measured by QuantiGlo ET-1 immunoassay (R&D Systems, Minneapolis, MN).
Tissue and serum levels of ET-1 and ANP
Myocardial tissue samples were homogenized in 4% acetic acid containing 150 KIU/ml aprotinin, 2.5 µg/ml pepstatin, and 4 mM ethylenediaminetetraacetic acid and placed in boiling water for 10 min. The homogenates were centrifuged at 15000 × g for 30 min at 4°C.
The supernatants were applied through Sep-Pak C-18 cartridges (Waters, Milford, MA) and eluted in 4% acetic acid, 86% ethanol solution. These samples were dried, lyophilized, and resuspended in assay buffer. The samples and serum were applied on QuantiGlo ET-1 immunoassay and Fluorescent ANP immunoassay kits (Phoenix Pharmaceuticals, Burlingame, CA) and analyzed.
Tissue adenosine triphosphate content
Tissue adenosine triphosphate (ATP) content was measured with a tissue ATP measurement kit (TOYO INK, Tokyo, Japan) according to manufacturer's instructions. The luciferase-emitted light was measured by a luminescence reader (Aloca, Tokyo, Japan) as counts per minute and calculated against standards.
Mitochondrial DNA copy number
Cardiac mitochondrial deoxylibonucleic acid (DNA) copy number was quantified with real-time quantitative PCR (qPCR) as described previously 5, 6 . Mitochondria-encoded cytochrome b was collected for genomic DNA-encoded glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Specific primers were used for cytochrome b: forward primer, 
Western blot analysis
Protein samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride membranes.
Membranes were incubated with antibodies to PGC-1α, nuclear respiratory factor-1 Blot Detection System (GE Healthcare, Piscataway, NJ), and proteins were quantified on digitized images from the mid-dynamic range and normalized to actin or HSP70.
